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phase transitions may require the simultaneous cessa-ReFUSing to Grow Up
tion and activation of two separate developmental pro-
grams.
A similar phenomenon is observed during embryogen-
esis, when the processes of morphogenesis, matura-
tion, and germination must be coordinately regulated.
At germination, plants must coordinate the exit from Upon completing morphogenesis, Arabidopsis embryos
dormancy and the start of vegetative growth. In this enter a phase of dormancy that is induced by high levels
issue of Developmental Cell, Gazzarrini et al. show of abscisic acid (ABA). At germination, increasing levels
that FUSCA3 plays a critical role in regulating hormone of gibberellin (GA) release the embryo from dormancy
levels to synchronize the transition from embryonic to and promote shoot and root growth. Embryos deficient
vegetative growth in Arabidopsis. in ABA can undergo GA-independent germination (Bent-
sink and Koornneef, 2002), but still require GA to pro-
mote the expression of postembryonic traits, such asPlant development requires the ordered expression of
trichomes. Thus, in wild-type plants, the dual functionsgenetic programs that control the embryonic, juvenile,
of GA help to coordinate the simultaneous repressionadult, and reproductive phases of growth. Over time,
of dormancy and initiation of vegetative growth. As withthese programs alter the patterns of cell division, elonga-
the juvenile to adult transition, however, it has beention, and specialization to create characteristic changes
possible to isolate to isolate a number of mutations thatin plant morphology. These may include changes in phylo-
disrupt this switch and cause the overlapping expressiontaxy, internode length, and the size, shape, or identity
of embryonic and postembryonic programs (Meinke etof lateral organs (Poethig, 2003).
al., 1994).The extensive morphological changes that can result
FUSCA3 (FUS3) was first identified as a loss-of-func-from shifts in the relative timing of developmental events
tion mutation that causes the precocious expression(heterochronic shifts) demonstrate the importance of
of postembryonic traits: cotyledons develop adult leafcoordinating temporal programs. During plant develop-
traits, dormancy is bypassed, and leaf-specific genesment, the gradual progression from the embryonic to
are prematurely derepressed. The heterochronic pheno-the reproductive stage does not appear to be under the
type of fus3 can be suppressed by exogenous ABA andcontrol of a single “clock.” In maize, for example, the
compounds that inhibit GA synthesis, suggesting thatswitch from juvenile to adult development requires both
these hormones act downstream of FUS3 (Keith et al.,the repression of the juvenile program and the activation
1994). In this issue of Developmental Cell, Gazzarrini etof the adult program, and these events can be uncou-
pled by mutations such as Teopod (Poethig, 1988). Thus, al. (2004) continue to explore the interactions of FUS3,
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ABA, and GA using a FUS3 gain-of-function line. Expres- cycle have a permissive rather than a regulatory role in
sion of a FUS3-GFP fusion under the control of the organ identity, the extension of the FUS3 pathway to
MERISTEM LAYER 1 (AtML1) promoter is sufficient to include a transcription factor, hormone intermediaries,
rescue the fus3 phenotype, and also leads to ectopic and a downstream cellular regulator is an exciting ad-
expression of FUS3 in the epidermis and the L1 layer of vance in our understanding of temporal variation in mor-
the meristem during postembryonic development. The phology.
resulting plants are dwarfed, with dark green, glabrous The intersection of hormone regulators, cell division,
lateral organs that resemble cotyledons. The ectopic and developmental timing raises, once again, the ques-
expression of FUS3 affects not only the epidermal tis- tion of shared mechanisms in plants and animals. In C.
sues but also the mesophyll, suggesting that some as- elegans, the nuclear hormone receptor daf-12 acts in a
pects of this pathway act non-cell-autonomously. well-characterized pathway to regulate the timing of cell
While ectopic FUS3 induces embryonic fate in lateral division and differentiation: increased levels of daf-12
organs, it does not appear to inactivate the program promote the Argonaute-dependent accumulation of the
that promotes adult and reproductive development. The miRNA let-7, triggering late larval development (Ban-
authors observed that vegetative leaves eventually make erjee and Slack, 2002). Emerging studies of temporal
the transition from the round shape of cotyledons to the control in Drosophila also suggest roles for hormone
oblong shape of vegetative leaves, and display elonga- receptors, cell cycle regulators, and miRNA intermediaries
tion of the petioles. This would suggest that lateral or- (Ambros, 2003). Will these studies help solve the puzzle of
gans are capable of responding to adult promoting sig- temporal development in plants? From the long-stand-
nals and that this pathway remains active, perhaps at ing studies on GA (Zimmerman et al., 1985) to the recent
reduced levels, in parallel to the prolonged embryonic finding that Argonaute proteins regulate timing in both
program. FUS3-overexpressing plants also flower, pro- C. elegans and Arabidopsis (Hunter et al., 2003), it seems
ducing whorls of organs with a mixture of floral and that we are beginning to gather the pieces; work on
cotyledonary structures. molecules such as FUS3 may provide the first steps in
The ectopic cotyledon phenotype can be suppressed assembling the complete picture.
by the addition of exogenous GA or mutations that block
ABA synthesis, supporting the idea that FUS3 alters Christine Hunter and R. Scott Poethig
morphology via the actions of these hormones. Using Department of Biology
a FUS3 inducible system authors showed that FUS3 University of Pennsylvania
induction leads to a rapid increase in ABA levels, and Philadelphia, Pennsylvania 19104
a decline in the expression of GA biosynthesis genes.
It also appears that each hormone acts in a feedback Selected Reading
loop, with ABA increasing FUS3 protein stability, and
GA decreasing FUS3 protein stability. Thus, FUS3 has Ambros, V. (2003). Cell 113, 673–676.
an inverse effect on pathways that promote embryonic Banerjee, D., and Slack, F. (2002). Bioessays 24, 119–129.
and vegetative growth, allowing a coordinated transition Bentsink, L., and Koornneef, M. (2002). In The Arabidopsis Book,
during germination. C.R. Somerville and E. M. Meyerowitz, eds. (Rockville, MD: American
Having established a link between FUS3 and the hor- Society of Plant Biologists).
mones GA and ABA, Gazzarrini et al. then explored how Gazzarrini, S., Tsuchiya, Y., Lumba, S., Okamoto, M., and McCourt,
P. (2004). Dev. Cell 7, this issue, 373–385.this pathway might regulate the changes in morphology
that are associated with the embryonic to postembry- Hunter, C., Sun, H., and Poethig, R.S. (2003). Curr. Biol. 13, 1734–
1739.onic transition. Noting that several of the differences
between cotyledons and vegetative leaves, including Keith, K., Kraml, M., Dengler, N.G., and McCourt, P. (1994). Plant
Cell 6, 589–600.organ size, vascular complexity, and storage protein
accumulation, can be influenced by the duration of cell Meinke, D.W., Franzmann, L.H., Nickle, T.C., and Yeung, E.C. (1994).
Plant Cell 6, 1049–1064.division in differentiating tissues, they examined the ex-
pression of a cyclin-driven reporter gene (cyc1At::GUS). Poethig, R.S. (1988). Genetics 119, 959–973.
They found that ectopic FUS3 expression reduces the Poethig, R.S. (2003). Science 301, 334–336.
zone of cyclin-expressing cells at the base of young Zimmerman, R.H., Hackett, W.P., and Pharis, R.P. (1985). In Encyclo-
leaves and that this can be corrected by the addition of pedia of Plant Physiology, R.P. Pharis, and D. M. Reid, eds. (Berlin:
Springer), pp. 79–115.exogenous GA. While it is likely that the changes in cell
